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 Abstract-- For the cascaded converter system, the output 
impedance of source converter interacts with the input 
impedance of load converter, and the interaction may cause 
the system instability. In bidirectional applications, when 
the power flow is reversed, the impedance interaction also 
varies, which brings more uncertainty to the system 
stability. An investigation is performed here for showing 
that the forward and reverse interactions are prominently 
different in terms of dynamics and stability even though the 
cascaded converter control remains unchanged. An 
important guideline has been drawn for the control of the 
cascaded converter. That is when voltage mode converter 
working as the load converter; the constant power mode 
converter as the source converter, the system is more stable. 
The concluded findings have been verified by simulation 
and experimental results.  
 
Index Terms-- Cascaded converter, impedance 
interaction, bidirectional power flow, system stability. 
I.  INTRODUCTION 
Cascaded converters are widely used in conventional 
power systems [1,2] and renewable distributed power 
systems [3,4], because they can increase the system 
flexibility and compatibility. The topology of cascaded 
dual-active-bridges (DAB) with inverter is popular 
among researches [5 ,6 ], so this paper discusses the 
impedance interaction based on this topology, as shown 
in Fig. 1.  
For the cascaded system, the stability not only relies 
on the well designing of individual converter, but also the 
impedance interaction between the cascaded sub-
converters. The impedance interaction was analyzed by 
Middlebrook in 1979 [7], which showed that if the source 
converter output impedance is much less than the load 
converter input impedance, the stability of the cascaded 
system can be guaranteed, called Middlebrook criterion. 
After that several other criterions were developed in the 
past few years [8,9]. 
In bidirectional application, the impedance interaction 
also becomes bidirectional. When power flow changes 
direction, previous source converter and load converter 
exchanges position with each other, which varies the 
impedance interaction. Conventional solutions are to 
switch the operation mode of sub-converter to adapt the 
changing of power flow direction [10,11], and normally 
they use the source converter to control DC-link voltage 
and load converter to control the load power, but there are 
stability issues in the constant power load [12], and they 
did not analysis the bidirectional impedance interaction, 
nor neither show the stability difference. 
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Fig. 1 Cascaded converter topology 
In this paper, the bidirectional impedance interaction 
has been modelled and analyzed. The analysis shows that 
the impedance interaction is different between forward 
power flow and reversed power flow, which can be 
concluded that when the voltage mode converter works as 
the load and constant power converter works as the 
source, the system is more stable.  
II.  IMPEDANCE INTERACTION  
Fig. 2 shows the schematic of a cascaded system with 
two sub-converters in series.  
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Fig. 2 Cascaded converter with impedance consideration 
The overall cascade input to output transfer function F 
can be expressed as [13]: 
 
1
1A B m
F F F
T
=
+
 (1) 
Where ܨ஺and ܨ஻ are the individual transfer function, 
as shown in Fig. 2;  ଵଵା ೘் is the impedance interaction. 
According to the control theory [ 14 ], ௠ܶ  can be 
recognized as the open loop transfer function of the 
impedance interaction, and it is called the minor loop 
gain [15]. Consequently, the stability of cascaded system 
will not only rely on individual well designing of the sub-
converters, but also the impedance interaction. If ௠ܶ ൎ
0 , then  ܨ ൎ ܨ஺ܨ஻ , which means the cascaded two 
converters are fully decoupled, and the impedance 
interaction can be neglected, then the system stability 
only relies on the individual well designing of the sub-
converters.  
The minor loop gain ௠ܶ  has to be computed in a 
certain way for the stability assessment in voltage mode  
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 Fig. 3 Control diagram of DAB with voltage control
or current mode applications [16,17]. If sub-converter A  
is a voltage source, and sub-converter B is a current sink, 
then the impedance ratio can be expressed as: 
 Aom
Bin
ZT
Z
=   (2) 
where ஺ܼ௢ is the output impedance of sub-converter A; 
ܼ஻௜௡ is the input impedance of sub-converter B; 
If sub-converter A is a current source, and sub-
converter B is a voltage sink, then the impedance ratio 
becomes: 
 Binm
Ao
ZT
Z
=   (3) 
So the numerator of the impedance minor loop gain 
has to be the impedance of the subsystem containing the 
voltage source or sink, and the denominator has to be the 
impedance of the subsystem containing the current sink 
or source, respectively. 
III.  IMPEDANCE INTERACTION MODELLING AND ANALYSIS 
The input impedance is the equivalent impedance 
viewed from the input source [18], and output impedance 
is the impedance exhibited by its output terminals to an 
alternating current of a particular frequency [19]. The 
output impedance ܼ௢ and input impedance ܼ௜௡ can be 
obtained by the small signal modeling around the 
operating point [20].  
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 (5) 
where ∆ ௢ܸ, ∆ܫ௢  are respectively the small signals of 
output voltage and output current, ∆ ௜ܸ௡  ∆ܫ௜௡  are the 
small signals of input voltage and current. 
A.  DAB impedance under voltage control 
The power output of DAB can be controlled by the 
phase shift between the two bridges [21]. The average 
value of output current over each cycle is: 
 ( )KVI
L f
ϕ π ϕ
π
1
2
1
= ⋅ −
2
 (6) 
where V1 is the DAB input voltage,  K is the turns ratio 
of the high frequency transformer in DAB, L1 is the 
transformer leakage inductance, φ is the phase shift 
between the H bridges in DAB converter. 
Fig. 3 is the control diagram of DAB. The inner loop is 
current loop, and outer loop is voltage loop. The current 
and voltage variables can be found in Fig. 1.  
The output voltage can be expressed as: 
 
( )
( )
( )
VP Vi DAB-I *
o 2
VP Vi DAB-I
o2
VP Vi DAB-I
K s+ K G
V = V
Cs + K s+ K G
s            - I
Cs + K s+ K G
 (7) 
where KVP  KV୧  are respectively the proportional and 
integral parameter of the voltage controller. C is the filter 
capacitance, DAB-IG  is the closed loop transfer function 
of current loop, which can be obtained by Fig. 3. 
Then DAB output impedance can be expressed as: 
  ( )DABo 2 VP Vi DAB I
sZ
Cs K s K G
−
=
+ +
 (8)  
where ܩ஽஺஻ିூ is the current loop transfer function. 
As shown in Fig. 3, in the voltage controller, g is the 
gain of this controller, which affects the DAB output 
impedance. The bode plots of DAB output impedance can 
be shown as Fig. 4 . 
-20
0
20
40
60
M
ag
ni
tu
de
 
(dB
)
10
0
10
1
10
2
10
3
10
4
-90
-45
0
45
90
Ph
a
se
 
(de
g)
Bode Diagram
( / )rad sFrequency  
Fig. 4 Bode plots of DAB output impedance 
As shown in Fig. 4 , the output impedance is inductive 
in the low frequency range, and capacitive in the high 
frequency range. With the decreasing of voltage 
controller gain, the low frequency output impedance is 
increasing. According to Middlebrook criterion, the 
increasing of output impedance will deteriorate the 
stability of the cascaded system.  
When the DAB power flow reverses, the block 
diagram is also the same as Fig. 3. Previous output 
current (ܫ௢ ) becomes the input current, and also the 
reference direction of input current changes, as: 
 in oI I= −   (9)
 where ܫప௡തതത  is the DAB input current in the reversed 
power flow. 
 The input voltage is the same as the output voltage in 
forward power flow, and then the input impedance in 
reversed power flow is: 
 in oDABin DABo
in o
V VZ = = - = Z
I I
Δ Δ
Δ Δ
 (10) 
So under voltage control, DAB output impedance in 
forward power flow equals the input impedance in 
reversed power flow. 
B.  Inverter impedance under constant power control 
Fig. 5 shows the topology of the inverter with the 
connection to grid. The inverter is under constant power 
control in DQ rotation frame coordinates. 
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(a)Topology of the grid connected inverter 
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(b)Block diagram 
Fig. 5 Topology and block diagram of the grid connected inverter 
The inverter state equations are given as: 
 d d dc d q
diL D V V wLI
dt
= − +  (11) 
 q q dc q d
di
L D V V wLI
dt
= − −  (12) 
where L is the filter inductance and ௗܸ௖ is the DC side 
voltage. ݓ ൌ 2ߨ݂ , ݂  is the frequency of the AC 
voltage. ௗܸ and ௤ܸ  are respectively the voltage on the D 
and Q axis on the rotation frame. By neglecting the 
switching losses, the power balance between AC side and 
DC side can be expressed as: 
 ( )d d q q dc in3P V I V I V I2= + =  (13) 
The phase lock loop (PLL) is oriented on the grid side 
voltage, so under steady state ௤ܸ ൌ 0; reactive power is 0, 
so ܫ௤ ൌ 0. Assuming the grid voltage is constant, so the 
small signal ∆ ௗܸ ൌ 0. Then the small signal of the power 
balance is: 
 d d dc in dc in
3 U I V I V I
2
Δ Δ Δ= +  (14) 
where ∆ܫௗ is the small signal of D axis current, and it 
can be expressed by the DC-link voltage dcVΔ : 
 (s)
dc dd V I dc
I G V=Δ Δ   (15) 
where ܩ௏೏೎ூ೏ሺݏሻ is the transfer function with the input of 
the DC-link voltage and output of D axis current. ܩ௏ವ಴ூ೏ 
can be obtained by (11), and its block diagram as shown 
in Fig. 6. 
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Fig. 6 Block diagram of ࡳࢂࢊࢉࡵࢊሺ࢙ሻ 
In Fig. 6, ܦௗ  is the D axis duty ratio around the 
operation point, and P invK − I invK − are respectively the 
proportional and integral parameters in the current 
controller, then ܩ௏೏೎ூ೏ሺݏሻ can be expressed as: 
 ( ) ( )dc d
d
V I 2
DC P inv dc i inv
D sG s
Ls r V K s V K
− −
=
+ + +
 (16) 
Based on (13(14)(15)(16), the inverter input 
impedance can be expressed as: 
 ( )
dc d
dc dc
INV -in
in d V I in
ΔV VZ = =
ΔI 1.5U G s - I
  (17) 
where inI is the reference input current, which can be 
obtained by the power reference and input voltage 
reference. Fig. 7 shows the bode plots of inverter input 
impedance. As shown in Fig. 7, the input impedance is 
negative in the low frequency range, with the phase shift 
of -180°. When power flow is reversed, the inverter 
works in the rectifier mode, and previous input DC 
current becomes the output current, and the reference 
direction also changes. The power balance between DC 
side and AC side still exist as (18). 
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Fig. 7 Bode plots of Inverter input impedance 
  d d dc o dc o
3 U I V I V I
2
= +Δ Δ Δ  (18) 
The reference direction of DQ current also changes. 
Then rectifier output impedance ܼூே௏ି௢തതതതതതതതത can be obtained 
by: 
 
U
dc d
dc DC
INV o
o d V I o
V VZ
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= − = −
−
Δ
Δ
  (19) 
where ܩ௏ವ಴ூ೏തതതതതതതതሺݏሻ  is the transfer function with the input 
of DC-link voltage and the output of D axis current in 
reversed power flow and its block diagram of ܩ௏೏೎ூ೏തതതതതതതത is 
shown as:  
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Fig. 8 Small signal block diagram from DC-link voltage to D axis 
current 
The transfer function of ܩ௏೏೎ூ೏തതതതതതതതሺsሻ is: 
 ( )dc d
d
V I 2
dc P-inv dc i-inv
-D sG =
Ls + r +V K s+V K
(s) (20) 
Then inverter output impedance in rectifier mode is 
shown in Fig. 9. As shown in Fig. 9, compared with input 
impedance in forward power flow, for the constant power 
converter with the same value of transmitted power, the 
output impedance in reversed power flow has an opposite 
sign with the input impedance in forward power flow. 
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Fig. 9Bode plots of inverter output impedance in rectifier mode  
IV.  BIDIRECTIONAL IMPEDANCE ANALYSIS 
Based on previous modelling, the minor loop gain in 
the forward and reversed power flow can be obtained.  
A.  Bode plots of the bidirectional impedance interaction 
In the forward power flow, DAB is the voltage source 
converter and inverter is the current load converter.  
Based on (2), the minor loop ௠ܶ is: 
 DABom
INV in
ZT
 Z
−
=  (21) 
When the power flow is reversed, DAB becomes the 
load converter, and inverter turns to the source converter, 
then based on (3), the impedance ratio ௠ܶതതതത is: 
 DABinm
INV o
ZT
 Z
−
=   (22) 
The bode plots of impedance minor loop gain in 
forward power flow ( ௠ܶ) and reversed power flow ( ௠ܶതതതത) 
can be shown in Fig. 10.  
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Fig. 10 Bode plots of the impedance minor loop gain (ࢀ࢓) 
As shown in Fig. 10, the phase shift of ௠ܶ is 630◦ (-
90◦) in the low frequency range. Because the inverter 
operates in constant power mode, and it behaves as 
negative impedance with the phase of -180◦ in the low 
frequency range, as in Fig. 9; the DAB operates in 
voltage control, and the output impedance has 90◦ phase 
shift at low frequency range, as shown in Fig. 4 , so the 
total phase shift of the impedance interaction is 270◦. In 
the high frequency range, the phase of DAB output 
impedance is -90◦, and the inverter input impedance is 
90◦, so in the high frequency range, the phase of 
impedance interaction is -180◦. So with the increasing of 
frequency,  the phase of the impedance interaction shift 
from 630◦(270◦) to 180◦(-180◦), and this  dramatic phase 
variation may make the system unstable, so the negative 
input impedance in cascaded power system needs to be 
taken care of [12]. 
And also in Fig. 10, in reversed power flow, the 
impedance minor loop gain ( ௠ܶതതതത) behaves with 90◦ phase 
shift in the low frequency range, and the gain decreases 
with the frequency. Because, as in Fig. 4  and Fig. 9, 
DAB input impedance (ܼ஽஺஻ప௡തതതതതതതത) is inductive in the low 
frequency range, and inverter output impedance (ܼூே௏ି௢തതതതതതതതത) 
is almost resistive in the rectifier mode, so they contribute 
the 90◦ phase impedance interaction the low frequency 
range. In the high frequency range, the DAB input 
impedance (ܼ஽஺஻ప௡തതതതതതതത) is capacitive, and inverter output 
impedance ( ܼூே௏ି௢തതതതതതതതത ) is mixed with resistive and 
capacitive, so the phase of impedance interaction is 
increasing from -135° to 135°. The phase variation of 
impedance minor loop gain in reversed power flow is 
much smaller than that in the forward power flow. 
 
 
 B.  Nyquist plots of the bidirectional impedance 
interaction 
Fig. 11 shows the demonstration of the phase margin 
and gain margin in the nyquist plot [22].  
 
Fig. 11 Phase margin and gain margin definitions in Nyquist plot 
The phase margin is the phase angle with the -180° 
line when the nyquist line crosses the unit circle. The gain 
margin is the reciprocal value of the distance, from where 
the nyquist line crosses the line of -180° to the origin 
point.  
The nyquist plot of impedance minor loop gain in 
bidirectional power flow can be obtained by (21) and 
(22). Fig. 12 (a) is the nyquist plot of impedance minor 
loop gain in the forward power flow. In Fig. 12, the gain 
of DAB voltage controller decreases from 1pu to 0.03pu, 
which means the output impedance of DAB are 
increasing, as previously depicted in Fig. 4 .  
The increasing of DAB output power impedance will 
introduce more unstable factor in the impedance 
interaction.  As shown in Fig. 12 (a), in forward power 
flow, 1 ܩܯൗ  increases with the increasing of DAB 
output impedance, meaning that the gain margin of the 
minor loop gain Tm decreases. With the increasing of 
DAB output impedance, the nyquist line are approaching 
the point of (-1, 0), meaning that the system becomes 
unstable.  
Fig. 12 (b) shows the nyquist plot of impedance minor 
loop gain in the reversed power flow. As shown in Fig. 
12 (b), 1 ܩܯൗ ൎ 0 , so the gain margin GM is much 
larger than that in the forward power flow. In Fig. 12 (b) 
when increasing the DAB impedance, there is no 
significant variation in the gain margin, which is more 
stable than that the forward in Fig. 12 (a). The nyquist 
line also stay away from the point of (-1,0).  
So without changing control methods, the cascaded 
converter system is more stable in reversed power flow 
than in the forward power flow, and it means that with 
the source converter under current control and load 
converter under voltage control, system stability will be 
improved, compared with source converter with voltage 
control and load converter with current control. Because 
the negative impedance in the constant power load will  
 
 
(a) Nyquist plot of the minor loop gain with the variation of voltage 
controller gain 
 
(b) Nyquist plot of the minor loop gain with the variation of voltage 
controller gain 
 
Fig. 12 Nyquist plots of the minor loop gain in forward power flow 
turns to resistive impedance in constant power source and 
it behaves more friendly in the impedance interaction.   
V.  SIMULATION AND EXPERIMENT RESULTS  
A.  Simulations 
In order to verify the conclusions, a model has been 
built under the simulation software of PLECS.  The 
control scheme is shown in Fig. 13. 
The simulation parameter is shown in Table 1.  
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Fig. 13 Simulation model of the block diagram 
TABLE I 
SIMULATION PARAMETERS 
PARAMETER Value PARAMETER VALUE 
 400V L 3mH  
 800V C 100uF 
 311V L1  0.1mH 
 
The input and output impedance can be measured by 
the variations of current and voltage output under certain 
frequency.  
The measured DAB output impedance in Fig. 14. Fig. 
15 shows the inverter input impedance in forward power 
flow and the output impedance in reversed power flow. 
 
 
Fig. 14 DAB impedance measurement 
M
ag
ni
tu
de
 (d
B
)
Ph
as
e 
(d
eg
)
 
(a)Input impedance in forward power flow (1kW) 
 
(b)Output impedance in reversed power flow (-1kW) 
Fig. 15 Inverter bidirectional impedance measurement 
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 As shown in Fig. 14, the measured DAB impedance 
matches the calculated results well, so the DAB output 
impedance modelling can be verified.  Fig. 15 verifies 
the correctness of the inverter impedance modelling.  
In order to test the stability difference, DAB output 
impedance has been increased. The effect of the output 
impedance increasing on the stability performance can be 
shown in Fig. 12.  
 
Fig. 16 Simulation wave forms of conventional control without mode 
switching 
Fig. 16 is the simulation results, where the power 
reference is a time varying signal, changing between 5kW 
and -5kW, with the period of 0.5s. As shown, in reversed 
power flow (െ5kW), the power output and DC-link 
voltage are stable; in forward power flow (5kW) the 
power output of DAB and inverter have serious 
oscillation, which means the stability in forward power 
flow is worse. This can verify the conclusion obtained by 
Fig. 12. 
B.  Experiments results 
A scaled down prototype has also been built to test the 
effectiveness of the proposed control and the control unit 
is dSPACE1006. The experimental parameters are shown 
in Table 2.  
The experiment scenario is that the power reference 
has the step changes, from -400W to 400W, with the 
period of 2 seconds, and also DAB output impedance has 
been increased.  
As shown in Fig. 17, when power output rising from  
-400W to 400 W, there are significant oscillations on the 
power output of DAB and inverter, as well as the DC-link 
voltage. When power output decreases from 400W to -
400W, the oscillations become smaller on both the sub- 
 
Fig. 17 Experimental results of the sub converter power output and the 
DC-link voltage 
 
(a)Experimental results of DC-link voltage, inverter power and 
current output   
 
(b)Experimental results of DC-link voltage, DAB power and 
current output   
Fig. 18 Experimental wave forms with power reference from -400W to 
400W 
converter power output and the DC-link voltage, and 
system become stable sooner.  So in reversed power 
flow, the cascaded system is more stable than the forward 
power flow. 
Fig. 18 shows the current wave forms of inverter and 
DAB when the power flow changing between 400W and 
-400W. As shown in Fig. 18(a), inverter output current 
has smaller oscillation in reversed power flow (-400W) 
than that in the forward power flow (400W). In Fig. 18 
(b), when the power output is 400W, the oscillation in the 
DAB power output and current output are significant. In 
the reversed power flow (-400W), the relevant 
oscillations are reduced and system become stable soon. 
VI.  CONCLUSION 
This paper analyzed the bidirectional impedance 
interaction for the two stages cascaded converter, and 
shows that the variation of power flow will change the 
impedance interaction, because the CPLs converter 
behaves the negative impedance as the load and resistive 
impedance as the source. The DAB impedance is 
obtained from the control block diagram, and the inverter 
impedance is calculated through the small signal model. 
The impedance interaction in both forward power flow 
and reversed power flow is offered. Both the bode plots 
and nyquist plots are offered to show the performance of 
the bidirectional impedance interaction. The result shows 
that with DAB converter controlling the DC-link voltage 
 and inverter controlling the power output, the system is 
more stable when power flow from inverter to the DAB, 
compared with power from DAB to inverter. This means 
that in cascaded converter system, if source converter 
control the power output and load converter control the 
DC-link voltage, the system stability will be improved. 
The results have been validated by both the simulation 
and experimental results.  
APPENDIX 
TABLE II 
SIMULATION PARAMETERS 
DAB 
Parameter 
Value Inverter 
Parameter 
Value 
 (V1) 125V AC voltage 150V 
 (V2) 400V Inductor of L 
filter 
3mH 
K 1:3.2 Switching 
Frequency 
10kHz 
L1 200uH   
C 300uF   
f 10k Hz   
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